The efficacy of camouflage through background matching is highly environment-dependent, often resulting in intraspecific colour divergence in animals to optimize crypsis in different visual environments. This phenomenon is largely unexplored in plants, although several lines of evidence suggest they do use crypsis to avoid damage by herbivores. Using Corydalis hemidicentra, an alpine plant with cryptic leaf colour, we quantified background matching between leaves and surrounding rocks in five populations based on an approximate model of their butterfly enemy's colour perception. We also investigated the pigment basis of leaf colour variation and the association between feeding risk and camouflage efficacy. We show that plants exhibit remarkable colour divergence between populations, consistent with differences in rock appearances. Leaf colour varies because of a different quantitative combination of two basic pigments-chlorophyll and anthocyanin-plus different air spaces. As expected, leaf colours are better matched against their native backgrounds than against foreign ones in the eyes of the butterfly. Furthermore, improved crypsis tends to be associated with a higher level of feeding risk. These results suggest that divergent cryptic leaf colour may have evolved to optimize local camouflage in various visual environments, extending our understanding of colour evolution and intraspecific phenotype diversity in plants.
Introduction
The idea that animals use camouflage to avoid detection by enemies dates back more than 200 years, to at least Erasmus Darwin [1] . Today, it is a widely accepted concept with respect to animals, supported by a considerable number of empirical studies [2] . Crypsis through background matching is one of the most common camouflage strategies in nature, in which the appearance of an organism generally matches its background [3] . This strategy is highly environment-dependent, given that heterogeneous environments often provide various backgrounds. To achieve optimal background matching, some animals have evolved the ability to change colour [4, 5] , while individuals with fixed colours may choose to occupy their best-matching microhabitat behaviourally [6, 7] . Additionally, some species may possess different colour morphs to match a specific background, arising through intraspecific colour divergence or phenotypic plasticity (e.g. lizards [8, 9] , walking-stick insects [10] and sand fleas [11] ). In the famous case of industrial melanism, for example, the dark and light morphs of the peppered moth (Biston betularia) afford better camouflage against darkened and lichen-covered normal trees (i.e. in industrial and non-industrial regions), respectively (reviewed in [12] ).
Although not as common as in animals, cryptic coloration has been documented in a range of plants from different taxa all over the world, as a defence against herbivores [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . As in animals, these plants face a world with heterogeneous visual backgrounds. Considering their sessile nature, it seems reasonable to expect plants to exhibit divergence in cryptic coloration, resulting in specialized local camouflage in different environments. However, this hypothesis is largely unexplored in plants. The living stone (Aizoaceae: Lithops) is a frequently cited plant example of camouflage appearance. These plants have been reported to show a great diversity in leaf colour among taxa and soil types [23] , providing clues for local camouflage, but there is a lack of strict examination.
We also lack knowledge regarding how common adaptive colour divergence is in plants, and indeed it is also possible for them to adopt alternative camouflage strategies. Specifically, in some circumstances organisms may adopt a generic rather than a specific appearance that results in a compromised level of camouflage in heterogeneous backgrounds [24, 25] . Although this 'compromise model' was originally suggested in relation to microhabitat differences within a population, it may also be applied to broader scales.
Furthermore, variation in camouflage efficacy between populations should be common in nature, which may relate to variation in selection strength (i.e. predation risk; e.g. [8] ). Specifically, highly effective camouflage may evolve in response to strong predation selection, and vice versa. However, few studies have investigated and revealed this association in the field, even in animals.
The alpine screes of the extremely high mountains of southwest China represent a bare and open habitat (electronic supplementary material, figure S1 ) where selection pressure from enemies that forage visually is expected to be high [13, 26] . A number of plants that grow in this habitat have cryptic appearances, including several Corydalis species [27] . These plants are the main host plants of an oligophagous herbivore genus, the Apollo butterflies (Parnassius, Papilionidae). Female butterflies use visual cues to locate host plants for oviposition. Their larvae feed on the leaves (electronic supplementary material, figure S1), buds and scapes, and often totally consume the above-ground part of the Corydalis plants. The intensity of damage by these herbivores varies between populations. In a previous study we verified that cryptic leaf colour did indeed reduce damage by herbivores and increase survivorship [20] . We further noticed that the cryptic leaf coloration varied between populations of C. hemidicentra, from reddish brown to dark grey to greyish green (figure 1a). Meanwhile, the rock substrates where this plant grows also exhibit remarkable colour variation, providing various visual backgrounds (figure 1a; electronic supplementary material, figure S1 ). These observations motivated us to examine the hypothesis that this plant may evolve divergent colours in different visual environments to optimize camouflage.
To examine the local camouflage hypothesis, it is important to examine colours based on appropriate perceivers, namely those that exert the actual selection on the colour evolution [2] , rather than from a human perspective. Therefore, we first measured the colour (in terms of reflectance spectra) of leaves and rocks in five populations of C. hemidicentra, and estimated their divergence and the degree of background matching based on a butterfly colour vision model. We then explored the physiological basis of the variation in leaf colour by determining the pigment content and distribution. Finally, we investigated whether there is an association between camouflage efficacy and selection strength (in terms of feeding risk) among populations.
Material and methods (a) System and study sites
Corydalis hemidicentra Hand.-Mazz. (Papaveraceae) is a perennial dwarf herb that grows on the alpine screes of southwest China [27] . In most populations it has a few trifoliolate leaves with cryptic coloration that resemble the rock background, and only one population was found to be colour dimorphic (cryptic and green). The cryptic leaf colour ranges from reddish brown to dark grey to greyish green in different populations (figure 1a); this was confirmed to be genetically determined by reciprocal transplant experiments (Y.N. 2017, unpublished data). These leaves spread in late May and then face the risk of being located by ovipositing Apollo butterflies, such as Parnassius cephalus (electronic supplementary material, figure S1 ). This species produces several light blue flowers after mid-July that attract bumblebees for pollination. This wide time mismatch between leafing and flowering ensures that ovipositing butterflies are not able to use the bright floral colour to locate the host plant (see also [20] ).
This study was carried out in five populations with various colours of rock substrates in the subnival region of the Hengduan Mountains, northwest Yunnan province. These populations are Pujinlangba (PJ), Huangguanfeng (HGF), Caishichang (CSC), Yagong (YG) and Tianbaoshan (TBS), covering the main distribution area of this species (details are shown in electronic supplementary material, table S1 and figure S2 ). In some of these regions, different types of rocks that originated in distant areas have been brought together due to orogeny, resulting in dramatically different colours of screes separated by relatively short distances (e.g. CSC, HGF and PJ; electronic supplementary material, figure S2 ). All five populations were studied for colour divergence and background matching, while population YG was not included in the study of pigment and predation risk because we were prevented from revisiting this location by debris flow.
(b) Colour measurement
To protect the natural habitat of alpine screes, we collected the minimum sample size (n ¼ 15 from each population) of their host plants necessary to test our hypotheses rigorously. For population CSC with dimorphic leaf colour, only the cryptic morph was used for the measurements. We also collected 20-27 pieces of scree material close to the plants for background measurements. Plant samples were kept fresh until they were measured within about 3 h. Considering the fact that butterflies search for host plants only in sunny weather, any rock samples collected in rain were dried before measurement to avoid any colour change in wet conditions. To exclude any potential colour variation between different sides of the rocks (which is obvious in population TBS, possibly as a result of weathering), only the upper sides that are exposed to foragers were measured.
We used a spectroradiometer (USB 2000þ, Ocean Optics) equipped with a UV-VIS light source (DH2000, Ocean Optics) to measure colours in terms of reflectance spectra. To exclude ambient light and minimize glare, the fibre-optic probe was mounted inside a black tube and fixed at 458. The distance between the sample and the probe was fixed at approximately 5 mm. A PTFE (polytetrafluoroethylene) optical diffuser (WS-1, Ocean Optics) was used as the white standard. Spectral readings were repeated three times for each sample and then averaged. Raw spectra were processed in the R package 'pavo' [28] to generate 1 nm interval smoothed (span ¼ 0.12) data before further analysis.
(c) Colour vision model
Animals may respond to both chromatic and achromatic aspects of colour, but the specific mechanism involved depends upon the behavioural context [29] . According to Kelber [30] , an achromatic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171654 mechanism is probably not involved in colour choice by the ovipositing butterfly Papilio aegues (in the same family with Parnassius), thus we solely focused on the chromatic aspect in the present study.
Studies on the colour vision of Parnassius are limited [31, 32] , and a specific colour vision model for this genus is not available yet (K. Arikawa 2017, personal communication). However, although various photoreceptors are found in butterflies, most of them (including Papilio xuthus) are believed to be tetrachromatic, involving four classes of receptors (UV, B, G and R [33, 34] ; K. Arikawa 2017, personal communication). Therefore, we used a tetrachromatic model to estimate the colour vision of Parnassius.
Colour loci were first mapped into a butterfly's colour space regardless of background (the coordinate calculation involves formulae A1.2 þ A1.3 þ A1.5 þ A1.8 þ A1.15 in the appendix of [35] ), and visualized using the package pavo [28] . Then we calculated colour distance (DS, in JND units, i.e. just noticeable difference) between leaves and rocks to estimate the degree of chromatic background matching, based on the logarithm version of the receptor noise-limited model [33, 36] . The formulae used were A1.2 þ A1.4 þ A1.6 þ A1.25 [35] . Decreases in the DS value indicate increasing difficulty of distinction, and vice versa. Theoretically, two colours with DS , 1 JND cannot be discriminated by the visual system.
As the parameters available for modelling Parnassius vision are limited, we adopt a combined colour vision model using both the parameters from Parnassius glacialis and Papilio xuthus. To make full use of the limited data from Parnassius, the receptor abundances and the spectral sensitivity (generated from photoreceptor absorbance templates using pavo [28] of the UV receptor, which was suggested to peak at 380 nm [32] ) from a congener, Parnassius glacialis, were used in the model [31, 32] . Spectral sensitivity of the other photoreceptors were obtained from its othologues in Papilio xuthus [32, 33] . We acknowledge that this model is not precise, but it serves as a first approximation on the colour divergence viewed by the herbivore to quantify levels of camouflage in the plants which, to human eyes, look very well camouflaged.
There may be co-expression of UV and B opsins found in the ommatidia of Parnassius glacialis [31, 32] , and this may result in a rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171654 broadband spectral sensitivity. However, the specific sensitivity data of the related photoreceptor was not available and hard to predict. To deal with this, we regard them as separate UV and B opsins, producing two narrower spectral sensitivity profiles and improving colour vision criteria-note that this, if anything, would probably be conservative to our analysis in reducing the predicted efficacy of camouflage. As the opsin type in the basal photoreceptor R9 was not determined, it was assumed as R or excluded from the model (data not shown). Both treatments showed similar results pattern. A Webber fraction of 0.05 was used, as used in the estimation of Papilio xuthus [33] . The ratios of UV, B, G (L2), R (L3) receptor types were 25 : 25 : 102 : 73, obtained from Matsushita et al. [32] . D65 (daylight, ICE) data were used as the irradiance spectrum, obtained from the ICE website and converted to quantal units [37] .
We also conducted a calculation merely based on the colour vision parameters from Papilio xuthus (suggested by K. Arikawa 2017, personal communication), which results in a similar result pattern (data not shown).
(d) Pigment basis of leaf colour variation
To investigate the pigment basis of leaf colour variation among populations, we collected 10 plants from each population and determined the content and distribution of pigments. For content analysis, a 1 cm 2 square of leaf piece were picked from each plant (n ¼ 10 for each population) and divided into [38] . Absorption values of the resulting solution at 664.5 and 647 nm were recorded to calculate total chlorophyll, in mg ml 21 , using formula Chl (a þ b) ¼ 17.90A647 þ 8.08A664.5 [38] . We further weighted this value by fresh weight (mg g 21 ). The other 3 4 cm 2 part was used to determine anthocyanin concentrations, following a method modified from Neff & Chory [39] . Subtracting A 657 from A 530 gives a relative amount of anthocyanin per sample. All the absorptions mentioned above were determined using a microplate reader (Spectra-max 384 Plus, Molecular Devices). We do not present the result of carotenoid analysis as it is often masked by the colour of chlorophyll [40] .
To determine pigment distribution, we took microscopic images (using SLT-A65, Sony) of the leaf surface under a dissecting microscope (SMZ1500, Nikon). Three images from different regions of each sample were captured. Areas containing anthocyanin, chlorophyll and air space could be readily detected and the number of pixels occupied by each on the images was estimated using the PHOTOSHOP (v. CS5, Adobe; details in electronic supplementary material). Finally, the area ratios of these 'pigments' among populations were compared.
(e) Feeding risk estimation
To examine the potential correlation between camouflage efficacy and the strength of selection, we investigated feeding risk among populations. Most leaf damage found in C. hemidicentra is due to feeding by the larvae of Parnassius, and thus leaf damage rate should provide a rough but reasonable index to estimate the level of feeding risk (i.e. the strength of selection). This rate was calculated as the number of leaves damaged divided by the total number of leaves a plant possessed. We surveyed every plant in an area roughly 60 Â 60 m 2 for each population (see figure 3 for specific sample sizes). Both colour morphs in population CSC were included in this investigation.
(f ) Statistics
We used MANOVA (multivariate analysis of variance) to analyse the colour divergence in rocks and leaves, with coordinates of colour loci as the dependent variables. Pillai's trace was used to generate F-tests. To estimate background matching, we calculated five colour distance values for each leaf sample against backgrounds from each of the five populations (one native and four foreign), respectively. This produced 15 Â 5 Â 5 ¼ 375 DS values. We then used a series of separate one-way ANOVAs (one for each background, followed by a Tukey test) to examine the difference in DS between leaf and rock in each background, the difference in background matching for native leaf -rock pairs, and the difference in pigment content and distribution among populations. An independent-samples t-test was used to examine the difference in DS between native and foreign leaf -rock pairs. Data were square root or logarithmically transformed when necessary to improve variance homogeneity, and raw data are presented in the figures. Differences in leaf damage among populations were analysed using a KruskalWallis test, and Pearson correlation was used to test the association between leaf damage rate and crypsis efficiency.
Results (a) Colour divergence and background matching
There was a significant difference in rock substrate colour between the populations we studied (MANOVA, Pillai trace ¼ 1.87, F 4,103 ¼ 42.39, p , 0.001). Accordingly, we also found a strong divergence in cryptic leaf colour of C. hemidicentra (Pillai trace ¼ 1.44, 
(b) Pigment basis for leaf colour variation
There was a significant difference in pigment content among populations (one-way ANOVA, total chlorophyll F 3,36 ¼ 73.493, p , 0.001; anthocyanin F 3,36 ¼ 19.176, p , 0.001; table 1). Microscopic observation of the leaf surface provided a more direct way to understand how these pigments formed the various leaf colours. Besides chlorophyll and anthocyanin, we found a third mechanism that resulted in white colour, namely the air space that contained no pigment (figure 2). There were significant differences in area ratio of the leaf surface that contained anthocyanin (one-way (table 1) . Specifically, leaves with a larger area of anthocyanin and a smaller area of air space had a reddish-brown colour ( population CSC), whereas a reverse pattern produced a greyish green colour ( population TBS, figure 2 ).
(c) Association between camouflage efficacy and feeding risk
There were significant differences between populations in the degree of background matching (one-way ANOVA, F 4,70 ¼ 9.54, p , 0.001). Specifically, leaves from populations PJ and YG exhibited better background matching than those from the other populations, and leaves from HGF exhibited the worst match (figure 1b). Meanwhile, there were significant differences in the level of feeding risk, estimated by leaf damage rate, between populations (Kruskal -Wallis test,
There was a significant correlation between these two indices (Pearson correlation, R ¼ 0.992, p ¼ 0.008): higher feeding risk was associated with better camouflage (figure 3).
Discussion
(a) Leaf colour divergence and local crypsis in the eyes of the herbivore
Variation in leaf colour is common in nature [41] , but a geographical pattern of leaf colour variation is rarely reported, possibly because studies on the ecological function of leaf colour are still limited. Prior to the current study, taxonomists had already reported the special leaf colour of Corydalis hemidicentra and presciently assumed it to be a camouflage strategy, but only the greyish green morph is described in flora of the area ( possibly based on the specimen collected from population TBS). In the present study, the leaf colours of this plant were greatly expanded and an obvious divergence pattern was revealed, both among different types of rock substrate and within the same rock type. Leaf colour divergence is in line with the variation in rock colour, resulting in better background matching for leaves against their native rock background than against foreign ones, as perceived by a butterfly herbivore (figure 1b). This pattern was found not only for populations associated with different rock types, but also for different populations on a common substrate, indicating a fine tuning of local background matching. To our knowledge, this provides the first evidence of local camouflage in plants based on the colour vision of a herbivore. A similar divergence pattern was reported in the seed colour of the legume Acmispon in the bare substrates of California [21] , but a receiver colour perception model was not involved. That study, combined with our present results, provide clues for convergent evolution of this pattern. In fact, the crypsis of C. hemidicentra is rather good (1.75 + 0.12 JNDs) in its native habitats, even better than some animals (e.g. lizard [8] and flea [11] ). Although different receiver visual systems were used in these studies, butterflies, especially the members of Papilionidae, are among the animals with best colour discriminability [33] .
In general, our results did not support a compromise strategy. For a specific leaf colour, there is great difference in the degree of matching against different backgrounds, and thus no leaf colour can exhibit good crypsis across all five populations (figure 1b). However, we did notice that the relatively poorest crypsis, which was for population HGF, was the only one that performed relatively well against two out of the four foreign backgrounds, supporting the compromised model to some extent.
(b) The evolution of adaptive leaf colour divergence
The pattern of local background matching is most likely to be explained by population-specific natural selection, as a result of local adaptation in heterogeneous visual environments. It has been suggested that selection imposed by visually foraging enemies is strong in bare or open habitats with minimal green vegetation, as these provide a simple searching environment [26] . The habitat of C. hemidicentra, the alpine screes, is typical of such situations. The selection involved may be exerted by the oligophagous herbivores, the Apollo butterflies. Although insects may use olfactory cues in ovipositing, visual cues (including colour) are essential for butterflies to locate and choose a specific host plant [30] . This was verified in a previous test that we conducted in which printed fake plants successfully fooled P. cephalus into laying eggs nearby (Y.N. 2016, unpublished data). In the current study we did not investigate the relationship between camouflage efficacy and damage rate within the same population, but in the sister species C. benecincta that is found in the same region, the cryptic (grey) morph suffered around 20% less damage and has up to 40% higher survivorship than the less cryptic (green) morph, indicating a significant advantage of crypsis [20] . Therefore, herbivore selection can be a strong force leading to local background Table 1 . Pigment content and adaxial distribution (area ratio) of pigment in cryptically coloured leaves from four populations of Corydalis hemidicentra. Different letters indicate significant differences (at least) at 0.05 level in a multiple comparison. matching through eliminating less cryptic individuals within the population and/or weeding out the poorly matched immigrants between populations [42, 43] . We further showed that although C. hemidicentra plants exhibit generally good crypsis in their native habitat, there are significant differences in the degree (figures 1b and 3 ).
These differences are correlated with variation in feeding risk among populations: higher predation risk was associated with better camouflage. Although this result should be interpreted with caution as the sample size (four populations) may not be sufficient for a robust analysis, this is the first indication that the strength of selection may be one of the reasons for the variation of camouflage efficacy. Feeding risk may be influenced by the quantity and diversity of both the herbivores and the host plants. Alternatively, less perfect crypsis may be associated with weak selection in history and/or short colonization time, and vice versa. In addition, the properties of the background per se may also influence the probability of detection irrespective of the degree of background matching [44, 45] . However, ultimately, in populations with high feeding risk, selection for camouflage should be higher than in populations with lower risk.
The colour of an organism may have multiple functions that may not be mutually exclusive, but of unequal importance. For example, the changing body colour of some lizards predominantly serves as camouflage rather than helping with thermoregulation [46] . The colour variation in C. hemidicentra is directly due to the difference in the quantitative combination of three sources of colour: chlorophyll (green), anthocyanin (red) and air space (white). Among these, anthocyanin is an important pigment to create red or grey colour that matches the specific background (see also [47] ). Meanwhile, it also has some physiological functions (e.g. photoprotection), responding to abiotic environmental stress (e.g. intense radiation and low temperature [48] ). However, these physiological functions cannot explain the colour rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171654 variation in C. hemidicentra plants that share similar habitats, nor explain the local crypsis patterns. In a previous study, we demonstrated that the different leaf colours of C. benecincta (grey and green, with anthocyanin present or absent) actually have no obvious effects on photosynthesis [20] . Therefore, the differences in composition of these 'pigments' provide a simple and low-cost mechanism to create considerable colour variation on which selection from visual searching herbivores may work. Adaptive phenotypic divergence is often driven by sitespecific natural selection, but can be impeded by the homogenizing effect of gene flow between populations [10, 49] . C. hemidicentra grows in the subnival region of extremely high mountains, known as the ecological 'sky islands' [50, 51] . Isolated by unsuitable habitats at lower altitudes, different plant populations in this region are separated from each other and exhibit island-like population genetic structures [52] . This geographical constraint, combined with the limited migration ability of this plant, may impede gene flow, and largely promote and consolidate phenotype divergence.
In conclusion, C. hemidicentra shows adaptive colour divergence in cryptic leaf colour between populations with heterogeneous visual backgrounds, resulting in improved background matching in native habitat. We also found an association between camouflage efficacy and the strength of selection. These patterns probably evolved through the selection of visually foraging herbivores. Besides Corydalis, we also noticed that several other alpine plants from distantly related taxa in the region exhibit similar colour divergence (e.g. Fritillaria delavayi and Soroseris glomerata), implying a convergent evolution of this pattern. Considering that plant camouflage has been reported in a number of taxa from different continents [13, 26] , this adaptive divergence in plant colour might be widespread.
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